We fabricate a few-layer molybdenum disulfide (MoS 2 ) polymer composite saturable absorber by liquid-phase exfoliation, and use this to passively Q-switch an ytterbium-doped fiber laser, tunable from 1030 to 1070 nm. Self-starting Q-switching generates 2.88 µs pulses at 74 kHz repetition rate, with over 100 nJ pulse energy. We propose a mechanism, based on edge states within the bandgap, responsible for the wideband nonlinear optical absorption exhibited by our few-layer MoS 2 sample, despite operating at photon energies lower than the material bandgap. 
Gun'Ko, J. J. Boland, P. Niraj, G. Duesberg, S. Krishnamurthy, R. Goodhue, J. Hutchison, V. Scardaci, A. C. Ferrari, and J. N. Coleman, "High-yield production of graphene by liquid-phase exfoliation of graphite," Nat. Nanotechnol. [1] . In TMDs, two layers of chalcogen atoms (e.g. S) sandwich a layer of transition metal atoms (e.g. Mo), forming a trilayer sheet. Many of these sheets are stacked together by weak van der Waals forces, forming three-dimensional bulk TMDs. Such a structure allows exfoliation of single-or few-layer flakes from their bulk crystals [1] .
The optical properties of bulk and thin crystals of MoS 2 are well documented [2] [3] [4] [5] [6] [7] . Early studies reported observations of different behaviour of thin flakes from their bulk counterparts. In 1965, Frindt reported new features in the absorption spectrum of few-layer MoS 2 flakes, mechanically exfoliated using adhesive tape [2] . Twenty years later Joensen, Frindt and Morrison used lithium-based intercalation to obtain monolayers of the material [3] . Bulk MoS 2 is an indirect semiconductor with 1.29 eV (961 nm) bandgap which increases to a direct 1.80 eV (689 nm) bandgap for monolayers of the material [4] . In a perfect crystal, there is ideally no sub-bandgap absorption (corresponding to incident light with single-photon energy insufficient to excite electrons from the valence to conduction band) [8, 9] . However, in a finite system, boundary effects and edges can modify a crystal's absorption spectrum [8, 9] . The dependence of optical absorption on MoS 2 flake size was characterized using photothermal deflection spectroscopy at photon energies above and below the bandgap [5] [6] [7] . For energies above the bandgap, similar absorption spectra were observed for all samples. However, at sub-bandgap photon energies, a larger absorption was measured for flakes of MoS 2 (∼36 µm in lateral diameter), which was up to an order of magnitude greater compared to single MoS 2 crystals [5] [6] [7] . Smaller flakes exhibited even stronger sub-bandgap absorption (two orders of magnitude larger than single crystals) [5, 6] . The absorption at low photon energies could also be increased by over one order of magnitude by lithographically texturing the single crystals [7] . This observed sub-bandgap absorption was attributed to energy levels within the bandgap arising from edge states. [5] [6] [7] .
Recently, there has been renewed interest in MoS 2 , and re-examination and extension of earlier studies into the fundamental properties of MoS 2 monolayers, with a focus on leveraging their promising characteristics for new photonic technologies. In particular, MoS 2 -based devices have been used as passive optical switches for short-pulse generation by the wellestablished mechanisms of mode-locking and Q-switching [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Few-layer and monolayer MoS 2 samples have been shown to possess a high third-order nonlinear susceptibility [20] and ultrafast carrier dynamics [21] , suggesting their suitability as a fast saturable absorber (SA). Indeed, saturable absorption behaviour in MoS 2 was verified experimentally in 2013 by Wang et al. [10] . Such nonlinear absorption at photon energies sufficient to traverse the material bandgap arises due to Pauli blocking, where under intense illumination energy levels in the conduction band are filled, and further absorption is blocked according to the Pauli exclusion principle [11] .
There are, however, also reports of MoS 2 saturable absorption behaviour at longer wavelengths, corresponding to sub-bandgap photon energies [11, 12] . We recently reported Qswitching of a fixed-wavelength fiber laser at 1068 nm [19] using a few-layer MoS 2 saturable absorber. Similar approaches have been used to mode-lock a fiber laser at 1060 nm [13, 14] and 1550 nm [15] [16] [17] , and to Q-switch solid-state lasers at 1060, 1420 and 2090 nm [18] . However, these reports are all at fixed laser wavelengths and pulse generation over a continuous wavelength range using few-layer MoS 2 has yet to be demonstrated (addendum: during the review process, a tunable Q-switched fiber laser using few-layer MoS 2 was published [22] , although based on erbium-doped fiber, rather than ytterbium-doped fiber, as reported here.). For many applications such as spectroscopy and biomedical diagnostics, pulse sources with a tunable wavelength are required. We also note that few of the reports in literature comment on the fact that their laser wavelength is below the MoS 2 material bandgap, and the saturable absorption mechanism in this situation is not fully understood. We argue that this wideband saturable absorption below the material bandgap can be attributed to saturation of edge states, which arise from large edge to surface area ratios of few-layer MoS 2 flakes. [5, 18, 23] . This is supported by reports of pulse generation by saturation of defect states within the bandgap in other nonlinear optical crystals, such as chromium-doped garnets [24] and gallium arsenide [25] . We also note that a very recent study reported strong second-order nonlinear optical susceptibility enhancement from the atomic edge states of a MoS 2 monolayer [23] . While saturable absorption is a third-order nonlinear effect, the suggested variation in electronic structure at atomic edges is also consistent with our proposed mechanism.
To produce mono-and few-layer MoS 2 , it is necessary to either exfoliate from bulk crystals, or to directly grow individual layers [26] . For fundamental studies and device fabrication, scotch-tape assisted mechanical cleavage and chemical vapour deposition (CVD) [27] [28] [29] are often preferred, producing high quality flakes. On the other hand, solution-based exfoliation -either chemically [3, 30] Here, we fabricate a free-standing MoS 2 -polymer composite SA by LPE of MoS 2 bulk crystals into few-layer MoS 2 flakes and integrate these flakes into a polyvinyl alcohol (PVA) host. This composite is used in a fully fiber-integrated Q-switched laser, tunable over 40 nm, confirming the wideband saturable absorption of MoS 2 . We explain the mechanism of saturable absorption at sub-bandgap wavelengths in the context of early studies [5] [6] [7] , which highlighted the role of edge states. ) is too far from that of MoS 2 to support exfoliation and stabilization. We use a bile salt surfactant, sodium deoxycholate (SDC) to exfoliate and stabilize MoS 2 . SDC has a flat molecular structure and a hydrophobic and a hydrophilic side and therefore, is better suited for exfoliation of 2D mate-rials [35] . The hydrophobic side of the molecule adsorbs onto the surface of the flake, while the hydrophilic side provides Coulomb repulsion between adjacent flakes, preventing reaggregation [35] . To prepare the MoS 2 dispersion, we ultrasonicate 120 mg of MoS 2 crystals (Acros Organics, 6 µm) with 90 mg SDC in 10 mL deionized water for 2 hours at ∼5 • C. We then centrifuge the dispersion at ∼4,200g in a swinging bucket rotor for 1 hour. Larger flakes and less exfoliated material sediment faster through the centrifuge cell, leaving the upper 80% of the dispersion containing primarily few-and mono-layer flakes. This is then collected for analysis and composite fabrication.
The concentration of the dispersed MoS 2 can be estimated from the optical absorption of the dispersion [31] via the Beer-Lambert law: A λ =α λ cl, where A λ the absorption at wavelength λ , α λ is the absorption coefficient (L g −1 m −1 ), l is the absorption length (m) and c is the concentration (g L −1 ). The optical absorption of the MoS 2 in the dispersion, diluted to 10 vol%, is shown in Fig. 1(a) . The four peaks in the absorption spectrum result from the A (∼665 nm) and B (∼605 nm) excitonic transitions, and the C (∼440 nm) and D (∼395 nm) transitions between regions of the band structure with higher density of states [40, 41] . The concentration is estimated from the absorption at three wavelengths; using α 605 = 1583 L g −1 m −1 , α 665 = 1284 L g −1 m −1 , and α 800 = 324 L g −1 m −1 we calculate a MoS 2 concentration of ∼0.08 g L −1 .
The dispersed flakes are then characterized by atomic force microscopy (AFM). The dispersion is further diluted to 5 vol% and drop-cast onto a Si/SiO 2 wafer. The sample is then rinsed with deionized water to remove residual surfactant. This allows isolated flakes to be imaged with an AFM, using a silicon cantilever with a silicon nitride tip. AFM images of typical flakes are shown in Figs. 1(b) and 1(c), along with their height profiles in Figs. 1(d) and 1(e). The distribution of flake thicknesses [ Fig. 1(f) ] reveals that 48% fall into the range 2-4 nm, corresponding to ∼4-5 layers, assuming ∼1 nm measured thickness for a monolayer flake and ∼0.7 nm increase for each additional layer [42] . The lateral dimensions of flakes are found to be ∼100-200 nm.
The SA composite film is fabricated by mixing 4 mL of ∼0.08 g L −1 MoS 2 dispersion with 2 mL of 15 wt% aqueous polyvinyl alcohol (PVA) solution. The mixture is dried in a petri-dish at ∼20 • C, forming a ∼25 µm thick free-standing composite film.
MoS 2 -PVA composite saturable absorber characterization
We verify the quality of the MoS 2 -PVA composite film by using optical microscopy, as shown in Fig. 2(a) , and scanning electron microscopy (SEM), shown in Fig. 2(b) [43] . The SEM image (captured with an FEI Magellan SEM) shows the film in cross-section, following slicing with a Leica Ultracut UCT. Both images confirm the absence of >1 µm aggregates or voids in the composite SA, which could otherwise result in non-saturable scattering losses [44] . The linear optical absorption of the composite film is shown in Fig. 2(d) , in addition to the absorption of a pure PVA sample of equivalent thickness for comparison. The absorption is uniform within the operating range of the tunable Q-switched laser we report here (shaded in blue). The pure PVA sample absorbs ∼8% (0.04 absorbance) whereas the MoS 2 -PVA composite absorbs ∼24% (0.12 absorbance). This suggests that MoS 2 flakes in our sample are responsible for the increased value of absorbance, confirming absorption of light (assuming negligible scattering contribution) in the near-infrared region corresponding to photon energies below the MoS 2 bandgap.
The nonlinear properties of our MoS 2 saturable absorber are characterized using openaperture Z-scan measurements [45] . The MoS 2 -PVA composite is moved through the focal plane of a beam of ultrashort pulses (500 fs pulse duration, 26.4 MHz repetition frequency, 1065 nm wavelength) and the transmitted power (and also a reference power for normalization) are recorded, as shown in Fig. 2(c) . With increasing peak intensity, the material absorption de- can be fitted by the standard two-level saturable absorber model [46] :
where I is pump light intensity, I sat is the saturation intensity, α s and α ns are the saturable (i.e. modulation depth) and non-saturable loss, respectively. From the fit we find: α s ∼ 6.3%, α ns ∼ 18%, and I sat ∼ [14] and I sat =34 MW cm −2 and α s =4.3% at 1550 nm using hydrothermal intercalated MoS 2 [15] . This wide variation could be attributed to the different fabrication techniques which determine the size and quality of the MoS 2 flakes, and hence the contribution to absorption from edge states in the bandgap [5] [6] [7] . We also note that our measured saturation intensity for few-layer MoS 2 is lower than commonly reported values for other nanomaterial saturable absorbers based on CNTs (∼20 MW cm −2 [43] ) and graphene (∼260 MW cm −2 [36]), which could be beneficial for achieving pulse generation in fiber lasers.
Tunable Q-switched laser design and characterization
The nonlinear response of the saturable absorber can be used to modulate the loss and the Q-factor of a laser cavity to generate a regular train of Q-switched pulses. To achieve this, the MoS 2 saturable absorber is inserted into a fully fiber-integrated ring cavity (Fig. 3) by sandwiching a ∼1 mm×1 mm piece of the composite between angled patch cords. Angled connectors are used instead of flat connectors to minimize parasitic reflections. The cavity also consists of an ytterbium-doped fiber amplifier (IPG YAU-2-SL, with 1.5 m active fiber), creases [ Fig. 2(e) ], confirming saturable absorption. The intensity-dependent absorption, α(I), can be fitted by the standard two-level saturable absorber model [46] :
where I is pump light intensity, I sat is the saturation intensity, α s and α ns are the saturable (i.e. modulation depth) and non-saturable loss, respectively. From the fit we find: α s ∼ 6.3%, α ns ∼ 18%, and I sat ∼ . This wide variation could be attributed to the different fabrication techniques which determine the size and quality of the MoS 2 flakes, and hence the contribution to absorption from edge states in the bandgap [5] [6] [7] . We also note that our measured saturation intensity for few-layer MoS 2 is lower than commonly reported values for other nanomaterial saturable absorbers based on CNTs (∼20 MW cm −2 [43] ) and graphene (∼260 MW cm −2 [37]), which could be beneficial for achieving pulse generation in fiber lasers.
The nonlinear response of the saturable absorber can be used to modulate the loss and the Q-factor of a laser cavity to generate a regular train of Q-switched pulses. To achieve this, the MoS 2 saturable absorber is inserted into a fully fiber-integrated ring cavity (Fig. 3) by sandwiching a ∼1 mm×1 mm piece of the composite between angled patch cords. Angled connectors are used instead of flat connectors to minimize parasitic reflections. The cavity also consists of an ytterbium-doped fiber amplifier (IPG YAU-2-SL, with 1.5 m active fiber), a polarization-independent isolator to ensure unidirectional propagation, a 10% output coupler and a polarization controller. A tunable bandpass filter (formed of a fiber-coupled air gap with an angle-tunable bandpass interference filter) with 1 nm bandwidth is included to tune the lasing wavelength of the cavity. The total cavity length is ∼13 m.
As the amplifier pump power is increased, the cavity initially lases in a continuous-wave regime. By further increasing the pump power, self-starting Q-switching is observed, producing a stable train of pulses. Typical output characteristics of the laser, at 1055 nm wavelength and 9.36 mW average output power, are shown in Fig. 4 . Pulses are generated with 13.4 µs pulse spacing [ Fig. 4(a) ], corresponding to 74 kHz repetition rate, and a full width at half maximum (FWHM) pulse duration of 2.88 µs [ Fig. 4(b) ]. This corresponds to a pulse energy of 126 nJ. The radio-frequency (RF) spectrum of the output shows a high peak-to-background contrast of ∼45 dB [ Fig. 4(c) ], indicating good pulse train stability [47] , comparable to Q-switched fiber lasers based on graphene [48] .
The average output power in the Q-switched regime is variable from 7.0 mW up to 10.5 mW, limited by the available pump power. The pulse properties in continuous-wave pumped Qswitched lasers depend on nonlinear dynamics in the gain medium and saturable absorber. This leads to a dependence of repetition rate and pulse duration upon pump power [49] . A pulse is emitted once a certain stored energy in the cavity is reached. Thus, a greater pump power enables higher repetition rates and also results in shorter pulses [49] . This was observed experimentally as the pulse duration is reduced from 4.40 µs to 2.68 µs and the repetition rate is increased from 65.3 kHz to 89.0 kHz with increasing output power [ Fig. 4(d) ]. The pulse duration could be shortened further by reducing the length of the laser cavity [49] .
By varying the passband of the tunable filter, stable Q-switched operation is achieved with continuous tunability from 1030 nm to 1070 nm [ Fig. 4(e) ], producing a steady train of pulses. As the amplifier gain changes with wavelength, the output power of the laser varies. It is therefore necessary to adjust the pump power to maintain Q-switching; this accounts for the variations in spectral intensities in Fig. 4(e) . We believe the tuning range is limited by the gain bandwidth of the ytterbium amplifier rather than the saturable absorber. Therefore, with a gain medium supporting broader band operation, we expect that tunable Q-switched laser pulses could be generated over an even wider spectral range. could be generated over an even wider spectral range.
Discussion
In a perfect crystalline lattice, the bandgap -corresponding to the energy range where no electron states can exist -prohibits absorption of single-photons that have an energy insufficient to excite electrons from the valence to the conduction band [8] . Yet, our Z-scan measurements and experimental demonstration of Q-switching of a fiber laser using an MoS 2 -PVA composite unequivocally confirm that the material exhibits saturable absorption at wavelengths in the range 1030-1070 nm (1.20-1.16 eV), despite corresponding to photon energies lower than the material bandgap. This phenomenon of sub-bandgap saturable absorption has also recently been reported by a number of other groups [9, 12, 14, 15, 17, 18] . Despite this growing body of work, a full explanation of the governing physical mechanism has yet to be formulated. We attribute sub-bandgap saturable absorption in MoS 2 to the presence of edge states within the material bandgap that arise due to the boundaries of a finite crystal structure. The basal planes of MoS 2 crystals are known to be chemically inert due to tight bonding between the exposed S atoms with the Mo atoms underneath, and are thus expected to be optically inac- 
In a perfect crystalline lattice, the bandgap -corresponding to the energy range where no electron states can exist -prohibits absorption of single-photons that have an energy insufficient to excite electrons from the valence to the conduction band [8, 9] . Yet, our Z-scan measurements and experimental demonstration of Q-switching of a fiber laser using an MoS 2 -PVA composite unequivocally confirm that the material exhibits saturable absorption at wavelengths in the range 1030-1070 nm (1.20-1.16 eV), despite corresponding to photon energies lower than the material bandgap. This phenomenon of sub-bandgap saturable absorption has also recently been reported by a number of other groups [10, 13, 15, 16, 18, 19] . Despite this growing body of work, a full explanation of the governing physical mechanism has yet to be formulated.
We attribute sub-bandgap saturable absorption in MoS 2 to the presence of edge states within the material bandgap that arise due to the boundaries of a finite crystal structure. The basal planes of MoS 2 crystals are known to be chemically inert due to tight bonding between the exposed S atoms with the Mo atoms underneath, and are thus expected to be optically inactive. However, we propose that the large edge to surface area ratio of few-layer nanoflakes of MoS 2 results in a large number of edge-sites, leading to the presence of energy states within the pristine crystal band structure. We believe these edge states promote absorption at photon energies lower than the bandgap -an argument consistent with earlier studies [5] [6] [7] . We suggest that these states could then be saturated under high intensity illumination, due to the principle of Pauli blocking [8, 46] . It should also be noted that edge effects in few-layer MoS 2 have been related to enhanced second-order nonlinear optical processes, such as second harmonic generation [23] , and as a route for fast intraband relaxation [50] .
A distribution of edge states within the bandgap could explain the wideband saturable absorption experimentally observed here, and in other recent reports at a number of different laser wavelengths (1030-2090 nm), corresponding to a broad range of photon energies (1.20-0.59 eV) [13, 15, 16, 18, 19] . Finally, we envisage that this description of wideband saturable absorption at sub-bandgap photon energies should be applicable to other semiconducting monoand few-layer transition metal dichalcogenides, such as WS 2 , MoSe 2 and MoTe 2 .
Conclusion
In summary, we have fabricated a few-layer MoS 2 -PVA composite saturable absorber by liquid phase exfoliation. This device is used to Q-switch a fiber laser, with 40 nm of tunability, and producing pulses with over 100 nJ pulse energy, microsecond pulse durations and at tens of kilohertz repetition rates. This highlights the potential of few-layer MoS 2 as a wideband saturable absorber. We have proposed an explanation for the wideband sub-bandgap saturable absorption mechanism in the context of edge states. We thus anticipate few-layer transition metal dichalcogenides will offer further opportunities in other nonlinear photonic and optoelectronic applications.
